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OPTimL  DESIGN  OF  FLEXIBLE  PAVEMENT  SECTIONS 


IKFORmTIVE  AESIMCT 


Althoiigh  several  methods  are  aveilab.le  for  the  design  of  flexible 
paveiaeiitSs  no   existing  technique  explicitly  considers  the  optiasal 
combination  of  fl€od.ble  paveiaeat  ccatpoaents  to  mirdadze  the  total  in- 
place  cost  of  the  pav«aent  systecio  The  piiv^pose  of  th3.s  systems  analysis 
was  to  develop  a  lational  laethod  for  the  optisBal  selection  of  the 
arrangement  of  the  various  pavemsit  components  <,  Tfciis  cost  mimiiiaizatioR 
must  be  realized  within  the  bouadajy  conditions  that  are  iaaposed  by 
the  practical  linaitations  of  the  design  parameters  =  * 

The  design  model  consists  of  an  objective  functioa  aad  vari'ms 
constraint  equations.  The  total  cost  of  tSsie  pavement  systeia  is  quantitativeljr 
described  by  this  objective  function j,  aHd  a  Edniiaum-cost  solatioa  is 
obtained  for  each  combination  of  material  costs  ar^d  design  conditions « 
Ehe  various  constrain3.ng  equations  quantify  the  boimdary  conditiojts  to 
which  the  design  of  a  flexible  pavement  is  subject.  These  pfeysical 
limtations  complete  the  realism  of  the  matheiHatical  model  in  describing 
the  real-world  situation  of  flexible  pavement  design,  ffee  design  model 
-vjas  so3.ved  "by  a  modified  linear  prograamng  technique. 

In  developing  practical  solutions  to  tke  design  model 5,  optiEsal 
flexible  pavasents  are  designed  for  cross- sections  without  subbase,  cross  - 
sections  with  sobbase  through  shoulders g  and  cross -sections  with  subbase 
and  sabdrainso  The  design  requirements  for  the  various  ccaogjonents  are 
predicated  oa  the  design  parameters  of  traffic  conditions  5  soil  support 
values  g  pavement  material  characteristics 5  environmental  effects  j,  and 


ii 


pavemenb  performance  requirements  and  on  unit  costs  of  paveuient 
conrponents ^  Substantial  cost  savings  result  in  the  selection  of 
i'lexible  pavemeat  sections  by  this  desigc  procedure  =. 


OPTIMAL  DESIGN  OF  FLEXIBLE  PAVEMENT  SECTIONS 


INTRODUCTION 


The  prinsry  objective  of  highway  pavement  desiga  is  to  provide  an 
acceptable  roadt'/ay  sisrface  that  can  withstand  the  deteriorating  effects 
of  tiraffic  and  environment  for  the  service  life  of  the  facility.,  In 
additions,  the  [^vement  stinScture  must  adeqaately  serve  the  deisands  of 
the  road  lasers  at  an  acceptable  level  of  performance »  A  properly  designed 5 
constructed^  and  nsaiatalned  pavement  is  a  major  factor  ia  providing 
econcadcals,  efficiejitj,  safej  convenient 5  aad  comfortable  highway  travels 
This  goal  is  an  integral  part  of  the  total  highway  transportation 
programo  -' 

Although  se^/eral  design  techniques  are  available  for  determiniEg 
reasonable  thicknesses  of  flexible  pavements  to  satisfy  the  specified 
design  parameters;,  no  present  method  eicplicltly  considers  an  optimization 
of  fleJEible  pavement  components  to  BjiniiEise  the  total  cost  of  the 
pavement  system^  Of  courseg  this  cost  miBimisation  must  be  realized 
within  the  boundary  constraints  imposed  "by  the  selected  values  of  lAe 
desiga  parameters »  The  purpose  of  this  systems  analysis  was  to  develop 
a  ratioiaal  siethod  for  the  optimal  desiga  of  flexible  psvement  sections » 

The  objective  of  flexible  paveiaejifc  design  ia  this  investigation  is 
to  select  the  various  pavement  components  so  that  the  total  pavement 
cost  is  minimized  within  the  limitations  of  the  various  design  parameters » 
MniffiBBi-cost  designs  are  detenalBed  for  flexible  pavemewts  to  satisfy 
the  demands  of  traffic  and  enviroament  on  the  system  of  pavement 
strJictiare  and  soil  support »  Therefore,  this  techaique  affords  a 


practical  and  economical  solution  to  the  problem  of  designing  flexible 
pavements o  This  approach  to  design  anbodies  the  essence  of  sound 
engineering. 


COMCEPTUAL  MODEL 

A  flexible  pavenient  distributes  the  traffic  loads  through  a  system 
of  pavemeet  cojnponents  to  the  suljgrade^  These  pavement  layers  are 
generally  identified  as  surface^  bascj  and  subbase.  Several  different 
thiciness  conibiisations  of  the  materials  ccaaprising  the  various  components 
may  adequately  satisfy  the  structural  design  of  the  highway  pavement, 
Howeverj  all  satisfactory  thickness  arrarsgeinsnts  icay  not  provide  an 
economical  solution  to  the  engineering  problem  of  pavement  design.  In 
general;,  only  one  pavement  str-^scture  is  an  optimal  selection  of  the 
flexible  pavement  cosiponents  for  the  designated  design  conditions „ 

The  concept  for  this  flexible  pavement  design  procedure  is  illustrated 
by  the  logic  diagram  in  Figisre  1,  The  total  pavement  system  is  described 
by  the  various  design  parsnseters  which  represent  traffic  conditions ^ 
soil  support  values 5,  pavement  Hsatea'ial  characteristics  j,  environmental 
effects  J,  and  pavoaent  perforiEance  requirements ,  In  addition  j,  unit  costs 
of  pavement  cossponents  and  slterKate  cross-section  desigjss  are  considered 
in  the  selection  of  the  optiaaaa  flexible  pavement  section. 

The  structural  requiraaents  of  flexible  pavements  are  predicated 
on  aa  estimated  number  of  equivalent  l8-kip  single-axle  load  repetitions 
and  on  an  appropriate  measure  of  the  soil  support  afforded  by  the  sub- 
grade.  The  elements  of  pavement  i>erfoimance  and  envirooaent  are  also 
incorporated  as  initial  and  terminal  serviceabilities  and  regional 
factor  J,  respectively.  The  ccanbined  effect  of  traffic  loadittjgg  soil 
supports,  pav^ient  perforE^nce,  and  environment  is  denoted  as  a  structural 
auaiber  (SN)  .according  to  the  interim  design  guide  of  the  American 
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Aiisociation  of  State  Highway  Officials  5'or  flexible  pavements,  t'l)* 

Pavement  component  thicknesses  are  then  selected  to  reproduce  the 

S|)ecified  structural  number  by  a  linear  coEjination  of  layer  thickness 

t:.mes  its  coefficdent  of  relative  streneth.,  A  ainiiaum  pavement 

tldckness  is  equs;!  to  the  summation  of  the  coiaponent  thickneBseSc 

Consideration  of  signj.ficant  environmental  factors .  such  as  depth 

or*  frost  penstrationj  provides  another  nonttol  on  the  selection  of 

a  minimum  pavement  thickness.  Tliis  desrlgn  procedure  specifies  a  isiinamoin 

pnveraent  thickness  (T  .  )  to  accouiit  for  various  influencing 

mm 

environmental  conditions.  This  minimum  thickness  is  based  on  a  :; ,,.i 

p3-ocedure  which  requires  a  selected  design  ffhee3.  load  and  a  specified 
sail  support  "vialua.  The  greater  m^.nimam  thickness  value  becaaes 
design  requirement o 

To  accoont  for  varying  design  practices,  several  types  of  pavement 
cross-sections  ai*e  available  as  possible  alternatives  in  this  procedvtre 
for  designing  flexible  pavements.  These  arrangements  include  cross- 
sections  without  subbase,  eross-sectioms  with  sobbasa  through  shoulders, 
and  cross-sections  with  subbase  and  sobdrains.  Finally,,  the  unit  costs 
of  the  pavement  components  are  specified  to  permit  the  design  of  an 
acceptable  pavemunt  structure  for  the  lesst  costo  This  cost -effectiveness 
approach  provides  both  an  optimal  and  a  practical  solution  to  the 
pj'oblem  of  flexible  pavement  design. 


Si- 

Jiumbers  in  parentheses  refer  to  articles  listed  in  the  Bibliograph^y, 


In  a  real  sense,  the  minimum  thicknesses  represent  design  constraints 
and  not  design  objectives.  The  design  objective  is  to  produce  a  flexible 
pavement  system  at  the  least  total  cost  within  the  specified  boundary- 
conditions  «  The  in-place  unit  costs  of  the  component  materials  depend 
on  the  locale  in  which  the  flexible  pavement  is  to  be  constructed „  In 
addition  to  the  traffic  loadiags  soil  support^  pavement  performancej 
and  environment  constraints c,  practical  limitations  on  layer  tbiclmesses 
are  specified  in  concurrence  with  present  highway  construction  practices o 


DESIGN  MODEL 

The  logic  diagram  for  this  optimal  design  of  flexible  pavemeKits 
is  structured  in  Figure  1„  A  detailed  description  of  this  deslgti 
technique  is  presented  under  the  followiijg  categories  of  Design 
Parameters^  Desigai  SectioriS,  and  Optimization  Model »  These  sections 
provide  the  varioias  conTputatioKal  procednares  and  design  features  for 
determiniaig  the  optinsai  selection  of  flexible  pavemeiat  sections., 

Design  I^rEciiieters 

The  design  parameters  represent  the  various  measures  of  traffic 
conditions „  soil  supports  pavement  smterial  propei-tiesj  envlroniiietital 
effects  5,  and  x>avemeat  perforaaKce  requlremeats .  The  resialts  of  these 
evaluations  provide  the  suisEary  quantities  t&at  are  necessary  for  the 
optiaaal  design  of  flexible  paveiBaatSo 

The  iBltial  measwre  of  the  stability  of  the  subgrade  soil  is 
determined  by  the  standard  Calif oircla  bearing  ratio  testo  This  soil 
strength  is  thesa  translated  into  tfee  soil  support  valiae  (SSV)  as 
defined  by  the  American  Association  of  State  Highway  Officials,  (l) 
In  this  study  the  following  equation  was  developed  to  relate  soil 
support  valaes  to  California  bearing  ratio  measisres: 


SSV  =4,90  log^Q  (CBS) 


where  SSV  =  soil  support  value  aad 

CHR  =  California  bearing  ratio. 
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The  traffic  conditions  are  expressed  as  the  mamber  of  l8-kip 
single-axle  load  repetitions  for  the  service  life  of  the  pavement c 
These  load  applications  are  estinated  from  an  evaluation  of  the 
following  formula: 

W  =  365  (TF)  (DP) 

where  W  =  total  nmiber  of  equivalent  l8-kip  single- 
axle  load  repetitions  diaring  tae  pavemeat 
design  pariodj, 
TF  =  truck  factor  (l8-kip  single-axle  load 

applications  per  day)j,  and 
DP  =  design  period  (years). 
To  develop  a  measure  of  the  truck  factor,  a  correlation  was  derived 
Ijetween  the  nuaiber  of  l8-klp  single-axle  load  applications  and  the 
percentages  of  various  truck  types  in  the  traffic  streams,  Eie 
following  expression  was  obtained  from  loadometer  data  collected  on 
highways  in  Indiana: 


TF  = 


(AI3Tj_)  +  (ABTg) 


r  1 

llo7(TR}(LU)  +  0.83(TR)(LU)(CT) 


L 


10,000 


-*itoere      TF  =  truck  factor  (l8-kip  single -axle  load 

epplicatioats  per  day)  5, 
AET,   =  average  daily  traffic  volraae  at  the  start 

of  the  desi^  period  (vehicles  per  day 

in  both  directions) a 
ABTg  =  average  daily  traffic  volume  at  the  end 

of  the  design  period  (vehicles  per  day 

in  both  directions)  J, 


TR  =  percentage  of  all  trucks <» 
CT  =  perceiatage  of  ccanbinotion  ■'•-.rvcik.B .   and 
LU  =  truck  lane  iisage  factoz-  i^l.C;,  0,9f   ^^ 
0,3  for  two- J  four-;,  aod  six-latie 
highways,  respectively)^ 
The  various  measures  of  traffic  conditions  ^  soil  sispportj, 
envlro53mental  effects  5  and  ptaveflsent  performance  reGiiiirements  ere  tiov 
combined  into  a  fsingle  design  psrajneter  defiaed  as  the  strectsiral 
nansber  (SN).,     "!  -og£s:phs  Mve  been  premred  by  the  Americasa 

Association  of  Stste  Hig&way  Officials  to  'quantifS/'  this  .stract'oral 
requa.remeist .    (l)     However,  the  followir^g  eqwatica  was  i3.evalop)ed  tjecm 
these  nomographs  to  ase  in  tfee  cosnpHter  program  for  t.Ms  desiga 
procedure : 


log^Q(W)  -  9o36  log^Q  CiSN)  +  1]  -  0.20 


"■^^10 


—11 


(CO)  -  (?)  I    /i    ,,  K^  ^        109*»  I 

^ /ill       1    A.  I     /      j       0»»*-0    -r    -——'•"' — — -: 'S  ' 


u 


LiSWS   -i-  IV 


^  0.37T56  t(3SV)  "  3-0]  -  Oo9T  log^^  (BF) 

where      ¥  -  total  Kiasiber  of  eq'jiitialsHt  iS-kip  siHgle-a..ti.e 

load  i-epetitioas  durisg  t>j.e  pairemeat  desigia  periodj 

CO  =  initial  pavement  servieeability  index  (k..2  tor 
all  highways);, 
P  =  terminal  pavement  serviceability  index, 
SSV  =  soil  support  value,  and 
RF  -  regional  factor =    (2) 
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The  effects  of  the  environmeat  are  mmerically  summarized  in.  the 
regional  factors,  and  the  desired  pavement  performance  is  specified  by 
selected  values  for  the  initial  and  terminal  pavement  serviceability 
indices.  An  iterative  procedure  is  used  to  solve  the  above  equation 
for  the  structiaral  number  of  a  particular  design  situation. 

Another  consideration  of  environmental  influences  is  to  determine 
a  miniaum  thickness  as  a  design  agaijist  the  detrimental  effects  of 
frost  action  and  the  loss  of  siibgrade  strength  in  the  spring  break-up 
period.  Design  charts  that  were  developed  by  Lo  D,  Hicks  provide 
correlations  between  bearing  capacity  and  California  bearing  ratio 
and  between  pavement  thickness  and  bearing  capacity.  (3)  Adverse 
subgrade  conditions  are  represented  by  using  a  two-day  soaked  value 
for  the  selected  California  bearing  I'utlo.  The  following  relationships 
were  prepared  from  these  design  charts  for  9-kip  and  10-kip  wheel 
loads s,  respectively: 

min,  (9)         (CHt)^"*^ 

where  T,   /-^  =  miaiaum  pavesient  tMckncss  for  9-kip  design 
wheel  load  (inches )j 
T  .  (nrj\~  ^inirmm  pavem^snt  thickness  for  10-kip  design 
wheel  load  (inches) s  and 
CES  =  California  bearisig  ratio  for  reduced  strength 
conditions . 
Tbis   iO-kip  wheel  load  is  considered  satisfactory  for  the  design  of 
primary  highways ^  ^rtiile  the  9-kip  wheel  load  is  applicable  for  flexible 
pavaaents  on  secondary  routes.  In  the  c<»iputer  input  for  this  design 


11 

models,  the  highway  engineer  specifies  the  design  wheel  load  for  either 
a  primary  or  a  secondary  highway «  This  mininiuia-thickness  determination 
accounts  for  environmental  effects  by  highway  classification  and 
provides  another  realistic  constraint  in  selecting  optimal  flexible 
pavement  sections. 

The  characteristics  of  each  pavement  material  are  described  by  the 
in-place  density  and  the  coefficient  of  relative  strengths  These 
values  depend  on  the  local  materials  tMt  are  iised  in  the  cotiiitruction 
of  flexible  pavements »  The  evaluation  of  the  pavement  material 
characteristics  permits  the  application  of  the  design  model  for  the 
prevailing  const ruction  practices , 

'Ihe  above  descriptions  numerically  define  the  various  design 
ccuaponents  of  the  flexible  pavement  system,  Altho^igh  the  selected 
equations  provide  reasonable  eraliaations  of  these  parameters 5  other 
expressions  can  be  used  to  satJ.sfy  local  design  conditions , 

Design  Sections 

Because  reasonable  variations  exist  ia  the  design  of  highway 
elements J  three  acceptable  cross-sections  were  selected  for  two-lane 
and  divided  msalti-lane  M^ways  to  provide  several  alternative  designs 
in  the  model o  These  arrangemetits  inclwde  the  following  distinct  designs: 
lo  Cross-sections  without  subbase  (S^)^ 
2„  Gross-sections  with  sv^bbase  (Sp) 

So  Ejcteaded  through  the  shoalders  for  two-lane  highways  and 
bo  Extended  through  the  right  shoiialder  with  subdrain  under 
the  left  shoulder  for  divided  im3.ti-lane  higjiwaysj,  and 


3,     Cross -sect!  oris  with  subbase  and  sabdraiiis  unc.e.r  both  shotulders   \ij. 
l^rpifjal  details  of  these  cross-sectiorsal  designs  sre  illustrated  in 
Pigwres  2n  3 J-  ^j  and  5^  respectively »     Titie  sboalder  designs  are  fiiirther 
detailed  in  Figure  6  for  cross- sections  'MirJ^x  subbases  aad  with  subdraiuS: 

Of   course;,  additional  cross-sectioijal  arrangejaents  isgiy  be 
incorpoi'ated  i.nto  this  design  model c.     Because  eacfe  section,  represents 
a  differcjiit  ^esxga^  an  objective  functioa  is  reqedired  for  eacii  cross- 
section  to  permit  tbe  optimal  selection  of  fleaaMe  pavement  section.*;  = 
The  best  desigrn  is  then  that  cross-section  wfeicfe  Bdaiiaizes  the  total 
j>ave!iaeat  cost-  i*or  the  specified  desi^gn  parsa-eters,. 

Optimizatioji  Model 

ae  optiaral  design  of  flexible  paveieeat  sections  is  depicted  by 
the  fo.'i'J.ox'riLr^  objective  ftoactioEs  for  the  tiOiree  different  desiga 
sectioni»: 

lo  Cross-sections  without .subbase; 
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ll-O' 


Slope  '6  =  1- 


Pitcji  J/2"/  FT 


X 


Bituminous    Shoulder    Surface 
Compocted     Aggregate    Base 

Granular  Subbose    

Subdroin  


Slope  6=1 


-)^^:^:rr^ 


Bituminous    Shoulder   Surface 
Compacted     Aggregate    Base 
Granular    Subbose    


Figure 


Shoulder      Details. 
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2o  Cross -sections  with  subbase  through  shoulders; 


Min,  Sp  = 

r  ^  A^  ^1 

12  X  2000 

+ 

12 

X  27 

^ 

"*"   12  X  2000 

■1- 

12 

A 
X  27 

Sg 

+ 

12  X  2000 

-1- 

12 

A 
X  27 

S 

L 

C.  (L+A) 

+ 

12  X  27 

\ 

J, 

E,  .- 

^i'-^i- 

'h 

3o  Cross-sections  with  subbase  and  subdrains; 


,mno  s  = 


I 

L 


12  X  2000 


12  X  27 


J    ^^ 


12  X  2000     12  X  27 


r  C  D  L  k      C,    B   1 
12  X  2000     12  X  27     3 


Cj^  (L+3)" 
12  X  27" 


\    •"  ^i  '■  ^.g  -^  ^  -  z^ 


where    S  = 


C.  « 


total  cost  of  pavement  system  (dollars  per 
longitudijsal  foot)^ 

unit  cost  of  msterial  'i'  (dollars  per  ton  for 
'fflaterials  Ig,  2^   3^  5^,  asid  8,  dollars  per  cubic  yard 
for  loaterials  k  and  6j,  and  dollars  per  foo*  for 
nsterial  7)j 
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P^    "  dei^sity  of  nsaterial    'i"    (pou&ds  per  c-jbic  foox,j 
p;--!vejaent  wi.dth   ''^'"  f  ■   *"- ■  t(fo-l8ne  atd  one-way 
sectioii  of  divided  t'Dur-iane  highways  and  36  ft 
for  one-way  section  of  divided  six- lane  highways), 

d.^   =  tMckness  of  material   'i'   (inches )j, 
i  =  1  for  bituminous  sivcfsce,.  2  for  stabilized  lyase^ 
3  for  cosrpacted  aggregate  base^  \  for  gi-sn^ilftr 

s-.hbase.  5  for  bltymnous  sisioulder  SijTface ,  6  for 

stibdrsia  gram?lar-  fill^  7  for  saMrair'  pipe, 

k.  -  t;dJaaoiiieut  iacLor  ■f'^r  increase  in  widtfe  of 
pavement-  layers,; 
k     ^  1.00  for  first  layer,, 
kp  =  1,..(A-  for  seco!:;d  layers 
k_  ~  1.08  for  tkird  layers  aicd 
kj,  =  1»1?  for  fosrth  layers 

i  -  cost  of  showlder  (dollars  per  longitadi?5al  foot).. 

For  two-laae  highways: 

T" 

1  1?  X  2000 


-»•  51  X  boO 


I  __A_..^ i 

12  X  2000 

For  divided  miiilti-le&e  Mghways; 


E,^  =-  li'.  X  3<.0 


»  J?     5 


j  12  X  2000  [ 
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Ii«  ~  adjastment  for  the  ociditional  cost  of  the 
wearing  s«rf;ace, 
For  two-  and  four-lane  Mghways; 


^%   ■■  S.^  90 

"l  12  X  2000       ^1  '■110   "'     ^      - 


12  X  2000       *i 
For   six- lane  highways; 


^^    ^V  .CO 

H     -       — ~ i—       n       X  /--c:_ 

2  12  X  2000       -  1  -no 

A .  =  wicttfe  of  sho'al.der  svibbase  for  a- 
of6.r           :g). 
For  tvro-lane  Islgh'iTB.js; 


A, 


22  + 


2(d^  V  d^  -i-  d^ 


L 


x36 


•aisjnent-  slope 


For  dividsd  multi-lane  blghwaysj 


^2  = 


1^^375  + 


!d^  +  d^  +  d£ 


B^  =  adjiasted  widish  of  shoaldei'  subbase  wheis.  subdreius 
are  provided  (feet}. 
For  tvro-lese  MgS^vreiys; 

For  divided  iaulti~l?ss  higferays; 
Bg  =  5o8T5 
M-  ~  cost  of  suM;:raixi  waeu  used  smder  aiediaa  sboulc-;er 
only  (dollar.!  per  longitadinal  foot)g 
For  two-lane  higlrways; 


M 


1  =  0,0 
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For  divided  multi-lane  highways; 
M^  =  1.1  (OoOT5  C^  +  C^) 
N  =  cost  of  subdrains  under  hoth  shoulders  (dollarB 
per  longitudinal  foot). 
For  all  highways; 

H  =  2  X  1.1  (0.075  C,  -i-  C„) 
Y-  =  adjustment  for  the  amount  of  subbase  material 
replaced  by  the  shoulder  surface  and  base 
(dollars  per  longitudinal  footlj  and 
For  two-lane  highways; 

253  X  C. 

y   r=  — _ 1 

1   12  X  27 

For  divided  multi-lane  h3.ghways; 

162  X  C^^ 

\  ^  i2lc"27" 

Z-  =  adjustment  for  the  amount  of  subbase  zoaterial 
added  above  the  level  of  the  pavement  subbase 
under  the  shoulders., 
For  two-lane  highv/ays; 

^       12  X  27 
For  divided  mult i -lane  hightrays; 


60  X  Cj^ 
^2  ^   12  X  27 
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Tjus,  the  objective  of  this  optlcial  selection  of  flexible  pavement  components 
i;3  to  jciiniinise  the  total  cost  of  tiie  pavement  system.  The  various  material 
a:id  layer  notations  of  the  design  JEOdel  are  gr-aphically  described  in  the 
figures  \i^ich  illustrate  the  design  sections,, 

To  quantify  the  boundary  conditions  to  which  the  optimal  design  of 
the  flexible  pavement  components  is  si.'jbject,;  the  following  constraint 
e-^uations  are  necessary  to  coarplete  the  realism  of  this  design  model. 

lo  The  selection  of  layer  thicknesses  rniis-c  satisfy  the  structural 
nuniiber  requirement  c 

where  a.  =  coefficient  of  relative  strength  of  laaterial  ''i' 

and 

SH  =  structural  nusiber  for  design. 

The  coefficients  of  relative  strength  are  presented  in  Table  1;  for  the  four 

paveaesat  materrials  used  in  th5-s  design  model. 

2,     The  total  thiclmess  of  the  flexible  pa\i'esient  must  be  at  least 

eq^ual  to  the  ndniHinn  thickness  vfeich  is  required  by  un  influencing 

eznrironmenta  1  co33Sidera  tion » 

d-   ■^  d„  +  d„  -f-  d,    >  T  , 
1        2        3        H-  —    Eun 

where  T  .  =  total  minimurii  thicimess  of  flexible  pavement 

to  satisfy  environEEBntal  conditions. 

The  rezaaining  constraining  equations  are  raqiiirad  to  account  for  the 

physical  limitations  inherent  in  the  construction  of  the  varioas  layers 

of  a  f3-exlble  pavaaent.  The  following  seven  relationships  complete  the 

jBiathematical  representation  of  the  concept  for  the  optimal  selection  of 

flexible  paAreaent  components. 


Table  1 
PAVIMBNT  MfVTERIAL  SESSCIFIGATIONS 
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MnteriPl 

Mnterinl 

Coefficient  of 

Notntioc 

Description 

Relntive  Strength 

h 

BituBdnous  surface 

oM 

«2 

StPbilized  bnse 

o,?k 

*3 

Cco5>acted 
a^pregr^te  bpse 

0..14 

\ 

Graaalor  siibb^se 

0,08 

2k 


3o  The  bituminous  surface  course  of  n  primary  highway  is  at  least 
3,0  ino  in  thickness, 
\  >  3.0 
ko     If  a  stabilized  base  is  selected  for  the  pavement  system^  the 
minimum  thickness  is  k.O   in» 
d  =  0  or  >  l+oO 
5o  If  a  can5»acted  aggregate  base  is  .included  in  the  flexible 

pavements  a  minimum  thickness  of  k,0   is  necessary  for  construction 
purposes . 

d_  =  0  or  >  UoO 
6.  If  a  grstaular  subbase  is  specified  fi'om  the  optimal  selection;, 

at  least  a  ^,0-in,  layer  is  rsquiredo  > 

d.  =  0  or  >  k.O 
7o  Because  ratting  and  shaving  of  the  pavement  surface  may  result 

under  high  load  repetitiocs  for  excessive  thicV,:nesses  of  bituminous 
mixtures 5,  the  maximum  thickness  of  the  bituminous  surface  is 
10,0  in, 

d  ■<  10.0 
8,  The  maximum  thickness  of  the  stabilised  base  is  established  at 
lOoO  in,  because  of  large  vertical  deformations  that  may  result 
in  this  base  course  if  excessive  tJaicknesses  of  bituminous  mixtures 
are  used, 

dg  <  10,0 
9o  An  upper  limit  of  20,0  in,  is  set  for  the  thickness  of  the 

granular  subbase  to  conform  with  present  construction  practice  in 
the  State  of  Indiana, 
Af^  <  20,0 
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In  summsrjTs  the  optinEl  design  of  flexible  pavement  cooiponents  is 
predicated  on  determining  that  mj-nimum-cost  combination  of  layer  thick- 
nesses which  satisfy  the  real  and  practxcsl  constraining  conditions,  ITie 
selection  of  actunl  in-place  construction  costs  enhances  the  naathemotical 
representation  of  the  flexible  i)avement  design  process  and  provides 
further  economies  in  the  hi^way  construction  industry. 
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SOLUTION 

!Qie  final  step  in  determining  the  optiasl  design  of  flexible 
pavement  sections  is  to  obtain  a  solution  to  the  design  model o  This 
solution  optiniizes  the  objective  function  and  is  subject  to  the  set 
of  constraining  situations.  The  design  modal  was  programaed  for 
solution  on  digital  coHg)uters  using  FORTBAN  IV  language. 

The  optimization  process  is  performed  in  two  stages.  In  the  first 
phascj  the  following  cine  separate  arraogenjeuts  of  flexible  pavemeat 
cosaponents  are  optimized  by  a  linear  prograMning  algorithm. 

1,  Bituminous  surface  and  stabilized  base; 

2,  Bituminous  surface^  stabilized  base^  and  coe^ctecl  aggregate 
base; 

3o  Bituminous  surface <;  stabilized  base^  and  granular  subbase  with 

subbase  through  shoolders; 
if,  Bitisainoixs  surface^  stabilized  baesj  and  granular  svbbase  with 

subdrsins; 

5,  Bituminous  surfaces  stabilized  base^  coa^scted  aggregate  base^ 
and  granular  subbase  with  subbase  throiigh  shoulders; 

6,  Bituminous  surface^  stabilized  bas^^j,  corapaeted  aggregate  base^ 
and  granular  subbase  with  subdralns; 

7<.  Bituminous  surface  and  compacted  aggregate  base; 

8o  Bituminous  surface;,  cott^jacted  aggregate  base^  and  granular 

subbase  with  subbase  through  shoulders;  and 
9,  Bituminous  surfaccj  cosipacted  aggregate  base^  and  granular 

subbase  with  subdraias. 
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Six  of  these  nine  layered  comMnations  of  pavemerrt  components  represent 
all  possible  flexible  pavement  systems  for  the  cross -sections  v/ith 
subbase  (S  )  and  for  the  cross -sections  with  subbase  and  Eubdrains 
under  both  shoulders  (S^).  Only  three  arrangements  of  these  components 
are  possible  for  the  cross-sections  without  svfljbase  (S  )  and  include 
coiabinations  I5,  2  5,  and  7» 

The  other  phase  of  the  solution  involves  the  selection  of  that. 
pav«tten.t-coffl|pon.ent  arraiigeuiea-t  which  mniaizes  the  total  cost  of  the 
pavement  systeja  for  the  selected  unit  costs  of  the  pavement  materials. 
This  final  solution  represents  the  global  optinum,  and  no  better 
solution  exists  for  the  specified  pavement  design  and  material  cost 
parameters.  Each  f3.exible  pavement  section  fulfills  the  design 
objectives  for  the  least  total  cost. 
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DESIGEH  EXAMPIJES 

To  Illustrate  the  application  of  this  design  model 5  two  typical 
exaoples  are  presented  for  the  design  of  flexible  pavements »  In  each 
cases  the  computer  output  provides  a  listing  of  the  stipulated  desigp, 
data  and  the  material  specifications.  After  these  design  parameters 
are  suBnnarizedj  the  optinial  solution  is  tabulated  in  teraas  of  the  best 
design  section  and  the  required  thickuesses  of  the  paveaent  coaiponentSo 
To  permit  a  cost-effectiveness  evaluation^  the  next  two  best  solutions 
are  geaejpated  for  the  remaining  desigc.  seictions.  These  aloernate 
suboptiiaal  solutions  provide  an  econoadc  measure  of  the  additional  cost 
for  designs  other  thari  the  optiiaal  cross- section » 

15ie  first  situation  involves  a  two-lane  highway  with  a  prlrtsry 
classificationo  The  other  exang)3,e  is  a  four-lane  highway  with  paveaent 
MBterial  costs  that  differ,  from  those  corresponding  values  in  the 
first  illustration.  The  rather  significant  increases  in  fle:d.ble 
paveiaeat  costs  axe  evident  when  the  alternate  suboptiaial  solutions  are 
coD^ared  to  the  optiiaal  solutions  in  the  preceding  two  design  examples  = 

Real  econoDdes  are  achieved  when  engineering  designs  are  formulated 
to  peradt  the  selection  of  the  optimal  acswer.  This  design  model 
aff  cards  the  highway  engineer  srith  a  practical  and  realistic  sat  hod  for 
the  optiiaal  design  of  flexible  pavement  sections. 
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DESIGN   OF   FLEXIBLE   PAVEMENT 
FCR   PRIH«Ry   HIGHWAYS 


DESIGN   DATA 


NUMBER    CF    LANES    2 

GBR <>.C0 

AVERAGE    DAILY    TRAFFIC        ISt6  29C0.     VEH./DAY 

BOTH    DIRECTICNS 
AVERAGE    DAILY    TRAFFIC        1986  52?0.    VEH./OAY 

BOTH    DIRECTIONS 

DESIGN    PERIOD     ?C.CO       YEARS 

PERCENT    TRUCKS    20.00 

PERCENT    MLLTIPLE    UNITS     25.00 

DESIGN    hHEEL    LOAD ICCCO.    LB. 

REGIONAL    FACTOR       1.00 

PAVEMENT    TERMINAL     SER V1CA8 I L I TY  2.50 


MATERIALS    SPECIFICATIONS 

COST  DENSITY 

BITLMIN.     hEARING    SURFACE  IC.OO  «/ICN                   l^S.     LB/FTS 

BITUMINOUS    SURFACE    BASE  S.OO  t/TON                  1*5.     IB/FT3 

STABILIiEC    BASE       8.00  i/TCN                  135.     LB/FT3 

COMPACTED    AGGREGATE    BASE  3.25  J/TCN                 l<.0.    LB/FT3 

GRANULAR     5UBBASE     3.15  J/Y03 

SHOULDER    SURFACE     8.50  «/TON                   U5.     IB/FT3 

AGGREGATE    FOR    SUBDRAIN     .  5.00  t/YD3 

PIPES    FCR     SUBDRAIN     0.70  l/FT 


Example 
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SCLUnON 


NUMBER    CF    L4NES     2 

PERCENT    MULTIPLE    UNITS     25.00 

STRUCTURAL    NUMBER        3.95 

T0T4L     TUCKNESS       19.2       INCHES 

TRUCK    F4CI0R     132.     l8K/0*>' 


OPTIMAL     SCLUTICN 


CROSS-SECTION    WITHOUT    SU86ASE 

THICKNESS 
BITUMINCUS    SURFACE        ....  «.2     INCHES 

ST4BILUEU    BASE        0.        INCHES 

COMPACTED    AGGREGATE    BASE  15.0     INCHES 

GRANULAR     SUBBASE        0.        INCHES 


COST       ..  19.32     $    PER    LCNG.     FT. 


ALTERNATIVE     SOLUTION    (SUBOPTIMAL) 

CROSS-SECIICN    WITH    SUBDRAIN 

THICKNESS 

BITUMINCUS  SURFACE   .     6.0  INCHES 

STABILIZED  BASE   0.   INCHES 

COMPACTED  AGGREGATE  BASE     « . 0  INCHES 
GRANULAR  SUBBASE   9.2     INCHES 

COST   ..    21. '•i    $  PER  LCNG.  FT. 


ALTERNATIVE    SOLUTION     (SUBOPTIMAL! 


CROSS-SECTION    WITH    SUBBASE     THRCLGH    SHOULDER 

f- 

■  THICKNESS 

BITUMINCUS  SURFACE   .      6.0  INCHES 

STAfllLIZEC  BASE   0.   INCHES 

COMPACTED  AGGREGATE  BASE     '..0  INCHES 
GRANULAR  SUBBASE   1.2     INCHES 


22.63     I    PER    LCNG.    FT. 


Example    I        (Cont.) 
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SCLUT ION 

NUMBER    CF    L«NES     2 

PE.<CENT    MLLTIPLE    UNITS     25.00 

STl^uCTURAL    NUMBER        3.95 

TOTAL     THICKNESS       I<).2       INCHES 

TRUCK    F4CI0R     132.     18K/D4V 

OPTIMAL     SOLUTICN 


CROSS-SECIIGN    WITHOUT    SL86ASE 

THICKNESS 
BITUMINOUS    SURFACE        ....  *.2     INCHES 

STABILIZED    BASE        0.        INCHES 

COMPACTED    AGGREGATE    BASE  15.0     INCHES 

GRANULAR    SUBBASE        0.        INCHES 


COST       ..  19.32     J    PER    LCNG.     FT. 


ALTERNATIVE     SOLUTION    (SUBOPTIMAL) 


CROSS-SEC  I ICN    WITH    SUBDRAIN 

THICKNESS 
BITUMINOUS    SURFACE        ....  6.0     INCHES 

STABILUEC    BASE        0.        INCHES 

COMPACTED    AGGREGATE    BASE  "i .  0     INCHES 

GRANULAR     SUBBASE        9.2     INCHES 


COST       ..  21. ^5    »    PER    LCNG.     FT. 


ALTERNATIVE  SOLUTION  ISUBOPTIMALI 


CROSS-SECTION  WITH  SUBBASE  THRCLGH  SHOULDER 

f. 

•  THICKNESS 
BITUMINOUS  SURFACE   ....      6.0  INCHES 

STABILIZEC  BASE   0.   INCHES 

COMPACTED  AGGREGATE  BASE     * . 0  INCHES 
GRANULAR  SUBBASE   9.2  INCHES 


22.63     t    PER    LCNG.     FT. 


Example    I        (Cont.) 
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DESIGN   OF   FLEXIBLE   PAVEI-ENT 
FCR   PRIHAR*   HlGmaYS 


DESIGN   C4TA 


NUMBER  CF  LANES  <. 

CHR   2.30 

AVERAGE  DAILY  TRAFFIC   lltB  S'lSB.  VEH./DAV 

BOTH  CIBECTICNS 
AVERAGE  DAILY  TRAFFIC   ISeS         17830.  VEH./DAY 

BOTH  CIRECTICNS 

DESIGN  PERIOD  2C.C0   YEARS 

PERCENT  TRUCKS  17.00 

PERCENT  MLLIIPLE  UNITS  SO. 00 

DESIGN  kiHEEL  LOAD  ICCOO.  LB. 

REGIONAL  FACIOR   1. 00 

PAVEMENT  TERMINAL  SER V  I CA B I L I TY     2.50 


MATERIALS  SPECIFICATIONS 


BITUMIN.  WEARING  SURFACE 
BITUMINOUS  SURFACE  BASE 

STABILIZEC  BASE   

COMPACTED  AGGREGATE  BASE 

GRANULAR  SUBBASE  

SHOULDER  SURFACE  

AGGREGATE  FCR  SUBORAI^  . 
PIPES  FCR  5LBDRAIN  


COST 

6.85  »/rCN 

5.<)2  t/TCN 

5.51  J/TCN 

2.87  «/TCN 

3.33  «/YD3 

!.<)•>  4/TCN 

',.i'>  1/YC3 

C.  72  »/F  T 


OE^SIIy 


M5.  LB/FT3 
1*5.  LB/FT3 
IB/FT3 


135. 


1*0.  LB/FT3 


1«5.  IB/FT3 


E  a  m  p  I  e    2 


SOLUTION 


CKOSS-SeCTION    WITHOUT     SUBBASE 


32 


NUMBER  CF  LANES  <. 

PERCENT  MULTIPLE  UNITS  5C.C0 

STRUCTURAL  NUMBER   5.67 

TOTAL  THICKNESS   27.3   INCt-FS 

TRUCK  FACIOR  555.  18K/DA* 


CPIIf'AL  SOLUTICN 


BITUMINOUS  SURFACE   .... 

STA6IL IZED  BASE   

COMPACTED  AGGREGATE  BASE 
GRANULAR  SUBBASE   


THICKNESS 
6.1  INCHES 
INCHES 
INCHES 
INCHES 


0. 
21.2 

0. 


18.25     t    PER    LCNG.     FT. 


ALTERNATIVE     SOLUTION    (5UBQPT1MAL) 


CROSS-SECTICN    WITH     SUBDRAIN 


BITUMINOUS    SURFACE 

STABILIZEC    BASE        

COMPACTED    AGGREGATE    BASE 
GRANULAR     SUBBASE       


THICKNESS 
■3.0     INCHES 
0.        INCHES 
"••O    INCHES 
14.3     INCHES 


COST 


20.3"!    t    PER    LCNG.     FT. 


ALTERNATIVE     SOLUTION    (SUBOPTIMAL) 


CROSS-SECTICN    WITH     SUBBASE     IHRCLGH    SHOULDER 

THICKNESS 

BITUMINOUS    SURFACE        S.O     INCHES 

STABILIZED    BASE        C.        INCHES 

COMPACTED    AGGREGATE    BASE  4.0     INCHES 

GRANULAR    SUBBASE        14.3     INCHES 


23.14     t    PER    LCNG.     FT. 


Example     2       (Cont.) 
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The  lapuC  data  is  suoimarlsed  on  tvo  computsr  cards..     The  v^lue  of  the 
parameters  arc  to  be  assigned  by  the  deslgalng  sn^tlneer  using  the 
algorltMmg   they  include  soil  and  traffic  characteristics,  planning  period, 
envlronsental  factors  and  mafcerlale  cost  and  densities. 


Card  J^ 

The   first  Card  lias  twelve  paraoetereo 


Paraiueter 

Format 

1 

12 

2 

F7,2 

3 

F7o0 

4 

F7o0 

5 

F7o2 

6 

F7o2 

7 

F?o2 

8 

F7o0 

9 

F7„2 

10 

F7o2 

11 

15 

12 

15 

Syotbol 


CBT. 
ADT- 


TR 


CT 


mi^ 


iF 


Description 


Huinber  of  lanes ^   2,4,  or  6 

QW.  ^alue  of  the  sabgrade 

Initial  daily  traffic  in  both 
directions 

Termioal  daily  traffic  in 
both  directions 

Design  period  of  paveo^at 

Percentage  at  trucks  in  traffic 
stream 

Percentage  of  cctnbin^tion 
trucks  in  truck  3t-:e?,n»s 

Dceigo  yheel   lota   3  .<:i:;?     ;- 
IQ  Kips 

usiiuS!®!  Fae'£or         -  •  ^' 

Pk-      nertninal  serviceability 

EstlEoated  Construction  year 

Estloated  pavement  retiresneat 
year 


Card  2 


The  8<8ccQd  card  has  twelve  parameters. 
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Parameter 


3 
4 


10 


II 


12 


Format 


?7o2 
F7o2 

F7o2 
F7«2 
?7„2 
F7o2 
F7o2 
?7<,2 
P7o2 
F7o2 
F7o2 
?7,2 


Symbol 


Cl 

^2 

s 

€7 


D2 


Description 


lUnlt  cost  of  bituminous 
surface,  $/7on 

mnlt  cost  of  stabilised 
base,  $/Xon 

Unit  co9t  of  compacted 
^g^regate  base,  ^/Toc 

Onlt  cost  of  ;iranular 
subbase,  $/W 


f 


Unit  cost  of  shoulder  surface, 
$/ton 

Unit  cost  of  subcrala 
fill,  $/W^ 

Unit  cost  of  subc.rain 
pipe,  $/Ft 

^nlt  cost  of  wearing  surface 
course,  $/Ton 

D&nBity   of  bituminous 
surface,  lb/ft3 

Density  of  stabilized  base, 
lb/ft3 

Density  of  compacted  aggregate 
base,  Ib/ft^ 

Density  of  shoulder  surface, 
lb/ft3 


